Using first-principles calculations, we show that the magnetic properties of a two-dimensional antiferromagnetic transition-metal surface are modified on the atomic scale by the adsorption of small organic molecules. We consider benzene (C6H6), cyclooctatetraene (C8H8) and a small transition metal -benzene complex (BzV) adsorbed on a single atomic layer of Mn deposited on the W(110) surface -a surface which exhibits a nearly antiferromagnetic alignment of the magnetic moments in adjacent Mn rows. Due to the spin-dependent hybridization of the molecular pz orbitals with the d states of the Mn monolayer there is a significant reduction of the magnetic moments in the Mn film. Furthermore, the spin-polarization at this organic-antiferromagnetic interface is found to be modulated on the atomic scale, both enhanced and inverted, as a result of the molecular adsorption. We show that this effect can be resolved by spin-polarized scanning tunneling microscopy (SP-STM). Our simulated SP-STM images display a spatially-dependent spin-resolved vacuum charge density above an adsorbed molecule -i.e., different regions above the molecule sustain different signs of spin polarization. While states with s and p symmetry dominate the vacuum charge density in the vicinity of the Fermi energy for the clean magnetic surface, we demonstrate that after a molecule is adsorbed those d-states, which are normally suppressed due to their symmetry, can play a crucial role in the vacuum due to their interaction with the molecular orbitals. We also model the effect of small deviations from perfect antiferromagnetic ordering, induced by the slight canting of magnetic moments due to the spin spiral ground state of Mn/W(110).
INTRODUCTION
The emerging field of organic spintronics aims to combine the advantages of molecular electronics, such as device miniaturisation and fabrication ease, with the massive potential for application inherent in spintronics [1] [2] [3] . Organic materials are particularly promising in spintronic devices as they exhibit weak spin-orbit and hyperfine interactions, resulting in long spin coherence times [4, 5] . Moreover, they have a high chemical diversity and offer the possibility for selectively tuning their electronic and magnetic properties via ligand modification. The first reported organic spin valve used a thin layer of Alq 3 as an organic spacer between LSMO and Co electrodes [6] . Recently, a magnetoresistance of 300% was found for the same structure [7] . In an effort to meet the demand for miniaturisation there has been a drive to use single organic molecules as spacer elements [8] [9] [10] [11] . An added advantage is that the resistance of such a device would be considerably smaller than that of a thin-film based device. Very high magnetoresistance effects have already been predicted [12] [13] [14] [15] [16] and achieved [17, 18] in such single molecule spin-valves for both the tunnelingand conducting regime.
In many cases it is the interface between the organic molecule and the inorganic electrodes that determines the spin injection properties. The exchange-split densities of states of the electrodes result in the spin-selective shift and broadening of the molecular orbitals. The result is a spin-polarized interface, the so-called 'spinterface' [19] . The spin-split molecular orbitals [20, 21] as well as the spin-polarized interface itself [22] have been directly observed. Even a single organic molecule has been demonstrated to be capable of locally manipulating the spin polarization emerging from a clean magnetic surface. This was shown by Atodiresei et al. [23] and Brede et al. [24] who considered the effect the adsorption of small organic molecules can have on a ferromagnetic Fe/W(110) surface. They found that even a molecule as small as a benzene ring (Bz) can act as an efficient spin filter, capable of inverting the spin polarization of the surface, due to the particular hybridization of orbitals at the interface -an effect which has also been observed for single atoms adsorbed on magnetic surfaces [25, 26] .
Most organic-inorganic interfaces studied to date involve ferromagnetic surfaces [27] [28] [29] [30] [31] [32] . More recently, the adsorption and coupling of molecules on substrates with layered antiferromagnetic order has been used to explore spin-polarized transport and the exchange bias effect [33, 34] . In this work, we consider a surface with a more complex spin structure -a monolayer of Mn on the W(110) surface -which has been characterized on the atomic scale [35, 36] . It has been found to exhibit a spin spiral ground state propagating along the [110] direction with an angle of ∼173
• between magnetic moments on adjacent rows [36] . This means that neighbouring rows of Mn atoms have magnetic moments approximately op-posite in direction but with an orientation relative to the film that varies slowly across the surface. Locally one can therefore approximate it as a two-dimensional antiferromagnet. This surface has already been used as as a magnetic template in order to determine and manipulate the spin direction of individual Co adatoms on the atomic scale [37] . Here, we explore the effect of single molecules on its local magnetic properties.
We present a density functional theory study of the structural, electronic and magnetic properties of several simple organic molecules adsorbed on the Mn/W(110) surface. Due to the long period of the spin spiral, we consider it as approximately collinear to model its interaction with localized adsorbed molecules. The molecules under investigation include benzene (Bz: C 6 H 6 ), cyclooctatetraene (COT: C 8 H 8 ) and the small benzene -transition metal complex BzV. We show that due to hybridization with the molecule the magnetic moments of the adjacent Mn atoms can be strongly reduced and that the spin polarization of such an organic-antiferromagnetic interface is modulated on the atomic scale and can be enhanced and inverted with respect to the clean Mn film.
The modification of the spin polarization due to this interface can be revealed by spin-polarized scanning tunneling microscopy (SP-STM) as demonstrated by our calculations. We find that the exact magnitude and sign of the spin polarization in the vacuum above the molecule is strongly dependent on the bonding details at the interface and, due to the antiferromagnetic surface, exhibits a strong intra-molecular spatial dependence. In almost all cases, the sign of the vacuum spin polarization above the adsorbed molecule is inverted and its magnitude enhanced. We demonstrate that this modification of the charge density in the vacuum is a hybridization-induced effect between the p-orbitals of the organic molecule and the spin-split d-orbitals of the magnetic surface. The effect of the non-collinear spin structure of the Mn monolayer on the spin-polarized STM images is also calculated, using a model based on that of Tersoff and Hamann [38] .
The paper is organized as follows. After briefly describing the computational method, the structural details of the adsorbed molecules are discussed. This is followed by a description of the electronic and magnetic properties of the hybrid organic -inorganic interface. In particular, we discuss the spin resolved local density of states as calculated in the vacuum above the molecules, i.e. the simulated STM images. Finally, we consider in an approximate way the effect the true spin spiral ground state can have on the simulated SP-STM images. The final section summarizes our main conclusions.
METHODS
In this work, density functional theory calculations are performed using the vasp code [39, 40] . The PerdewBurke-Ernzerhof (PBE) [41] parametrization of the generalized gradient approximation (GGA) is employed. The projector-augmented wave (PAW) method [42] is used with the standard PAW potentials supplied with the VASP distribution. The plane wave basis set was converged using a 400 eV energy cutoff. A 6 × 6 × 1 kpoint Monkhorst-Pack mesh [43] was used to sample the three-dimensional Brillouin zone. A Gaussian smearing of 0.01 eV was used for the initial occupations. Constantheight spin polarized scanning tunneling microscopy (SP-STM) images were simulated using the the method of Tersoff and Hamann [44] and its generalization to SP-STM [38] . The central quantity of this scheme is the spin dependent local density of states in the vacuum integrated over a particular energy range corresponding to an experimental bias voltage.
The substrate is modelled using a 3 layer slab of W atoms and one layer of Mn atoms in the collinear checkerboard antiferromagnetic configuration. The GGA calculated lattice constant of W is 3.17Å, in good agreement with the experimental value of 3.165Å. The size of the supercell was chosen such that a distance of at least 12.5 A was maintained between the centre of neighbouring molecules. Additionally, a thick vacuum layer of approximately 3 nm was included in the direction normal to the surface to ensure no spurious interactions between repeating slabs. The relaxed interlayer distance between Mn and W is 2.08Å whereas the interlayer distance between two layers of W is 2.24Å. The energy of the c(2×2) AFM configuration is 187 meV/atom and 109 meV/atom lower than the ferromagnetic and the p(2×1) AFM configurations, respectively. These energy differences were calculated for a symmetric slab consisting of seven layers of W(110) and a Mn layer on both sides and compare favourable to previous results in the literature [35] .
STRUCTURES
Several initial molecular adsorption configurations are considered for all molecules, including hollow, bridge and top sites. The most energetically stable molecular position is, in all cases, found to be over the hollow site of the Mn layer (Fig. 1) . Rotations of the adsorbed molecule were also considered. Fig. 1 shows the most energetically favourable configurations. The ionic positions of the molecular atoms and the Mn layer were optimized until all residual forces were less than 0.01 eV/Å. In all cases the coordinates of the W atoms were held fixed. The effect of including dispersion forces was also considered using the semi-empirical approach of Grimme [45] as implemented in the vasp code [46] . For the case of the benzene molecule, the inclusion of dispersion forces were found to decrease the binding distance of the molecule to the surface by 0.04Å. However, this was not found to have any appreciable effect on the spin polarization at the interface or the simulated STM images and so was neglected in all further calculations. Fig. 1(a) shows a top and side view of the optimized Bz/Mn/W(110) structure. After relaxation the molecular plane is no longer flat; the hydrogen atoms lie further from the surface than the carbon atoms by a distance of 0.41Å. The shortest C -Mn bond length is 2.10Å which occurs when the carbon atom sits directly on top of a Mn ion. These carbon atoms are referred to as C top−1 (see Fig. 1 ). Additionally, the C -C bonds in Bz are no longer equal and are larger compared to the isolated molecule (1.456Å and 1.419Å compared to 1.398Å), in order to facilitate its adsorption onto the surface lattice. The carbon -hydrogen bonds remain at their isolated molecule length of 1.09Å.
In contrast to planar Bz, the isolated COT molecule exists in a "tub-like" conformation [47] in order to reduce angle strain. However, when adsorbed on the surface considered here, the planar structure of the carbon atoms is approximately restored. This has previously been shown to occur when COT is chemisorbed onto a surface with the resulting strong hybridization between molecular and surface electronic states [48] . Similar to the Bz case, the hydrogen atoms are positioned in a plane higher than that of the carbons, in this case by approximately 0.11Å. The C -C bond lengths, while alternating in the isolated molecule between 1.47Å and 1.35Å, become approximately equal when adsorbed on the surface, at 1.43Å. As with Bz, the COT molecule prefers to bind at a hollow site of the Mn lattice. Due to the symmetry of the adsorption the C atoms can be grouped into three different types; two carbons that sit atop Mn atoms with negative spin polarization, two carbons that sit atop Mn atoms with positive spin polarization, and four carbons that lie across a Mn -Mn bridge site (see Fig. 1 ). These are denoted C top−1 , C top−2 and C bridge , respectively. Note that due to the slightly asymmetric binding of the molecule to the surface the division into such categories is only approximate.
The final molecule studied introduces a magnetic adatom, in this case Vanadium, between the molecule and the surface. The resultant molecule is then a halfsandwich, representing an ideal candidate for the smallest possible organometallic molecular magnet. The interaction of 3d transition metal ions with Bz molecules have been previously studied both experimentally [49, 50] and theoretically [51, 52] . The distance between the benzene ring and the surface has now increased to 3.49Å due to the V atom which is positioned over a hollow site in the Mn lattice and 1.59Å above it.
RESULTS AND DISCUSSION

Electronic structure
In order to illustrate the binding mechanism and hybridization between the organic molecules and the inorganic antiferromagnetic surface, the local density of states (LDOS) are shown in Fig the LDOS of this Mn atom to the LDOS of the Mn atoms located directly below Bz it becomes evident that states with a component in the direction normal to the plane of the surface, i.e., d z 2 , d xz and d yz , are most altered by the adsorption of the molecule due to the formation of hybrid p -d bonds. States with in-plane components are not altered significantly. Fig. 2(b) shows the DOS of C top−1 and C top−2 . For the case of C top−1 one can see a strong hybridization between the Mn d z 2 states and the C p z states at −0.5 eV. For the case of the Mn atom beneath a C -C bond, the d xz and d yz states play a marked role. This can be seen at −0.6 eV and +0.2 eV for the spin down p z states of C top−2 and the d xz states of the Mn below C top−2 . A similarly large overlap can be seen at +3.2 eV. The hybridization between the non-magnetic molecule and the magnetic surface has important consequences on the spin polarization of the molecule. Examining the LDOS close to the Fermi level, one can see that the spin polarization of the carbon atoms is not only significant but that it varies in magnitude and sign from carbon atom to carbon atom. Consider, for instance, the LDOS of C top−1 and C top−2 at −0.6 eV. Here, the spin polarization of C top−1 is positive, while that of C top−2 is both much smaller in magnitude and of opposite sign.
For the case of the COT molecule (Fig. 3) , there is a Mn atom, albeit with opposite directions of the magnetic moment, directly below both C top−1 and C top−2 . This is reflected in the very similar DOS for both types of carbon atoms. The remaining four carbons are positioned above a Mn -Mn bond (C bridge ). As for the case of the Bz molecule, the d xz and d yz orbitals of Mn atoms below these carbon atoms contribute most to the hybridization. Of particular importance are the spin up d xz states which display a broad peak just below the Fermi level at −0.2 eV. Due to hybridization, this broad peak can also be seen in the spin up C bridge p z states. This state dominates at the Fermi level and leads to a positive spin polarization, an important fact when con- sidering the STM images later.
Finally, the LDOS for the case of the BzV molecule adsorbed on the Mn/W(110) surface is shown in Fig. 4 . The spin dependent hybridization now occurs between the Mn layer and the molecular orbitals of the V-Bz complex. In the isolated BzV molecule, the dominant states close to the Fermi level comprise of the doubly degenerate δ states [52] . Upon adsorption on the magnetic surface, the spin down δ states hybridize with the spin down d xz orbitals of the Mn atoms below C top−2 . Furthermore, the unoccupied spin up δ states are hybridized with the d xz states of the Mn atom below C top−1 . Looking now at the DOS of C top−1 and C top−2 , it is clear that close to the Fermi level the carbon p z orbitals are strongly hybridized with the spin split in-plane vanadium orbitals of d xy and d x 2 −y 2 symmetry. Below −4 eV, the π, Ls and sσ molecular orbitals, which are located mostly on the carbon sites of the Bz ring, are not involved in the hybridization with the Mn layer and so remain unchanged.
Interfacial effects and magnetism
The hybridization between states of the molecule and the surface results in a strong modification of the interfacial properties of the system and in particular the magnetic properties of both the surface and the adsorbents. The magnetic moments of the Mn atoms and the induced moments on the organic molecules are shown in Table I . The magnetic moment of a Mn atom on a clean Mn/W(110) surface is ±3.4 µ B . This moment is modified by the adsorption of an organic molecule due to the hybridization of the d states with the π orbitals. In the case of all three molecules studied here the Mn magnetic moments are significantly reduced, with the reduction dependent on the details of the bonding. The largest drop in moment occurs for the Mn atom beneath the C top−2 atoms, by 0.71 µ B , 0.55 µ B and 1.81 µ B for Bz, COT and BzV, respectively. The largest reduction in surface magnetic moment occurs for Mn atoms with two neighbouring C atoms. If only one C atom is bound to the Mn atom, then the largest decrease in moment occurs when the bond between the Mn atom and the C atom is shortest. For instance, the reduction in moment below C top−1 and C top−2 for the case of the COT molecule is smaller than that below C top−2 for the case of the Bz molecule due to the larger Mn-C bond length for the adsorbed COT molecule. We highlight in particular the large reduction of the surface magnetic moment for the case of the magnetic molecule, in particular for the Mn atom bound to two C atoms.
The magnetic moments induced on the carbon atoms are also position dependent, with the highest induced moment, +0.08 µ B (+0.05 µ B ) for Bz (COT), occurring for the carbon atoms bound directly on top of a Mn atom, i.e. for C top−1 . However, the total magnetic moment of the organic molecule is small and amounts to only +0.03 µ B , +0.05 µ B , and 0.00 µ B for Bz, COT and BzV, respectively. Bader charge analysis [53] shows that the Bz (COT) molecule gains 0.77 e (0.96 e) on its adsorption onto the surface. The majority of this charge originates in the four Mn atoms directly underneath the carbon atoms.
For the case of the adsorbed BzV molecule, there is a strong interaction between the V atom and the Mn atoms beneath it. The result is a large change in their respective magnetic moments. While the isolated molecule has a magnetic moment of 1.0 µ B with the majority of this found on the V ion, upon adsorption this is reduced to −0.3 µ B , i.e. directed antiparallel to the moments of the Mn row located below it along the [001] direction (cf. Fig.1(c) ). The magnitude of these Mn moments is then considerably reduced by 1.81 µ B . The case where the V moment is directed parallel to the Mn row beneath could not be stabilized in the calculation. Due to the increased distance between the Bz ring and the magnetic surface (3.43Å), and the small magnetic moment of the V atom, the moment induced on the Bz layer is negligible.
Spin resolved local density of states
Despite the small induced magnetic moment on the organic molecules, there is a strong imbalance between the number of spin-up and spin-down states of the molecule in the vicinity of the Fermi level. This is not surprising due to the strong binding of these states with the spinsplit states of the Mn atoms beneath the molecules and has been found to be a general feature for all organic molecules adsorbed on ferromagnetic surfaces [54] [55] [56] .
To illustrate this, Fig. 5 shows the spin-resolved local density of states integrated in an energy window below the Fermi energy for a Bz molecule adsorbed on a Mn/W(110) surface calculated on a plane parallel to the surface and 5.1Å above it. Evident for both spin up and spin down charge is the underlying antiferromagnetic pattern of the Mn/W(110) substrate, which is visible as stripes along the [001] direction. As seen in the figure, the Mn row passing directly underneath the molecule has a magnetic moment pointing to the right which in our definition of the SQA means that it has a higher spin down density of states in the vicinity of the Fermi energy. These states, which have predominately a d xz symmetry, are highly localized on the clean surface and thus suppressed quickly in the vacuum. The spin up states, however, have a spherical s-like symmetry. Due to their larger extent, these states decay more slowly in the vacuum and, at a particular height above the surface, dominate despite their lower density at the surface. Clearly, the inverse is also true; Mn atoms with an opposite magnetic moment have a higher spin up density of states which decays quickly in the vacuum, leaving spin down states with an s-like symmetry.
This decay of the states into the vacuum can be observed in Figs. 5(c) and (d) which shows cross-sectional plots of the charge density. A comparison of the spin up and spin down channels shows that, far from the influence of the molecule, the spin down charge density at the Mn atoms is indeed larger but that the spin up charge density stretches further into the vacuum. From Fig. 5 , it is clear that the strongest interaction is between the p z orbitals of C top−2 and the d xz orbitals of a Mn atom with magnetic moment pointing to the right, resulting in a strong propagation of spin down states into the vacuum. A similar interaction strength could be expected to occur between the C top−1 orbitals and the d xz orbitals of a Mn row with magnetic moment pointing to the left. However, details of the bonding result in a stronger interaction with the s-like orbitals. To summarise, the hybridization of the p z orbitals of the molecule with the d-states of the surface, results in the enhancement of the spin character of these d-orbitals in the vacuum. This will have important repercussions when we consider the vacuum spin polarization in the next section. Fig. 6 shows the spin-resolved local density of states integrated in an energy interval of 0.4 eV below the Fermi energy for a COT molecule calculated on the same plane as for the Bz molecule. Here, it is clear that the strongest contribution stems from the spin up states of the four C bridge atoms. This is due to the hybridization induced broad peak in the DOS of these carbon atoms just below E F (cf. Fig. 3(b) ). The spin down charge density in the vacuum is centred around the other four carbon atoms, namely C top−1 and C top−2 . The small asymmetry seen in particular here can be attributed to the slightly asymmetric adsorption position of the COT molecule on the surface. Fig. 6 (c) to (f) show cross sectional plots of the charge density along the [001] direction through the centre of the molecule (c and d) and through the edge of the molecule close to the C bridge atoms (e and f). One can clearly see the strong hybridization between the carbon p z orbitals and Mn d xz orbitals which was visible in the DOS (cf. Fig. 3) , and which leads to the large spin up contribution to the charge density in the vacuum above the C bridge atoms.
Finally, Fig. 7 shows the spin-resolved charge density in the vacuum for the case of an adsorbed BzV molecule, calculated on the same plane as for the Bz and COT molecules, i.e. 1.6Å above the Bz ring [58] . The spin up states of V in this region are dominated by the d x 2 −y 2 orbital. The shape of this orbital means that it is bonding approximately equally with both C top−1 and C top−2 atoms, with little charge density in the bond connecting the two. This hybridization can be seen clearly in the cross-sectional plot in Fig. 7(c) . In contrast, for spin down, the molecular π orbitals of the benzene ring are nearly unperturbed in this energy range.
Spin polarization in the vacuum
From the spin resolved charge density in the vacuum we define the spatially resolved spin polarization as: z, ) is the spin up (spin down) charge density calculated in the vacuum at a lateral position r and a distance, z, from the surface, for an energy interval between a chosen energy, , and the Fermi level ([ , E F ]). This is shown for the case of the Bz molecule in Fig. 8 . Above the molecule there is a strong inversion of spin polarization compared to the bare antiferromagnetic surface. As discussed in the previous section, when a molecule with π orbitals, such as Bz, is adsorbed on the surface, the p z orbitals couple to the d xz orbitals so that the propagation of this state, whether with positive or negative spin polarization, into the vacuum is extended. The overall effect is that, when imaged with an STM tip, an inversion of the clean surface spin polarization is observed. The strength of this inversion then depends on the exact details of the bonding.
To illustrate this local inversion of spin polarization, in the right hand panel we present three line profiles through three different rows of Mn atoms. Line shows the spin polarization of a Mn row with magnetic moments to the left far from the influence of the molecule. An average value of −3.5% at a distance of 5.1Å above the surface is found. Line displays a line profile that cuts through an edge of the molecule. Far from the molecule a background spin polarization of −3.5% is measured. At the edge of the molecule this is increased in magnitude to −7.0% before being reduced again to −3.5% above C top−1 . Line , cutting through the centre of the molecule, displays a total inversion of spin polarization. Far from the molecule the spin polarization is positive. At a distance of 4.0Å from the centre of the Bz ring the spin polarization inverts, i.e. a distance of 1.86Å from the physical extent of the molecule in the [001] direction. The spin polarization reaches a maximum value of −7.5% directly above the hydrogen atoms. That is, in addition to an inversion of spin polarization, the magnitude is also enhanced, in this case by a factor of two. Fig. 8(b) shows a slice of the spin polarization in a plane perpendicular to that defined by the surface along the [001] direction corresponding to line in Fig. 8(a) . It is clear, that while the spin polarization cutting through the Mn atoms has spin polarization of a particular sign, with a d xz symmetry, the sign is inverted as one extends into the vacuum above the surface. This effect is due to the slower decay of the s-states of the spin up channel as discussed in the previous section. The adsorption of the molecules clearly disrupts that decay. The hybridization between the p z and d xz states is particularly evident here with the resultant propagation of an inverted spin polarization into the vacuum.
A similar modulation and inversion of spin polarization occurs in the case of the COT molecule. Due to the asymmetric adsorption and the greater extent of the molecule, however, the effect is more pronounced. This can be seen in Fig. 9 . Far from the COT molecule, line shows a stable positive spin polarization of approximately +3.5%. By line a dramatic inversion can be observed, going from −3.5% far from the molecule to +8.2% above the C bridge atoms. Similarly, line shows a large inversion, although in the opposite direction; from positive values far from the molecule to −8.2% directly in the centre of the COT ring, an enhancement of over 100%. Note that the adsorption asymmetry can also be easily detected in the line profile.
An examination of the density of states close to the Fermi level of the carbon atoms in Figs. 2, 3 and 4 suggests that the spin polarization could be quite energy dependent, varying considerably for different energy ranges.
As an example case, we look at the spin polarization in the vacuum for a BzV molecule adsorbed on the surface. As we have seen, the spin polarization in the vacuum above the adsorbed molecule is driven by the binding between the molecule and the magnetic surface atoms. The change of polarization in the vacuum above the BzV molecule is induced now, not by the direct interaction of the π orbitals with the Mn surface, but indirectly via the d orbitals of the V atom close to the Fermi level. This is demonstrated in Fig. 10 . Panels (a) and (b) show the spin polarization in the vacuum and LDOS of the V atom in an energy window between [−0.1 eV, E F ]. It is evident that the higher spin down density of states of the V atom results in the four negative lobes of spin polarization above the molecule. The observed cross-like symmetry is due to the hybridization in the spin up channel between the V d xz orbitals and the Bz π orbitals while in the spin down channel it is the hybridization between the in-plane V d xy orbital and the carbon p z orbitals that plays a more important role. large area of positive spin polarization located approximately above the C top−1 atoms and extending beyond the physical extent of the molecule. It is remarkable that due to the adsorbed Bz ring atomic d-states of a symmetry type which are normally not detectable by STM, such as d xz or d x 2 −y 2 , play a major role for the spin polarization and image of a transition-metal-benzene complex.
Modelling the effect of the spin spiral Finally, we consider how the experimentally observed spin spiral ground state of Mn/W(110) might influence the measured SP-STM images. As stated in the introduction, the monolayer of Mn grown pseudomorphically on a W(110) substrate exhibits a spin spiral which propagates along the [110] direction with a small angle of ∼173
• between moments on adjacent rows. Although the orientation direction relative to the surface plane changes quite slowly, across the width of the 13.45Å unit cell considered here there is a change of angle of 45
• and so it is worth considering.
The tunnelingcurrent between the sample (S) and the tip (T) can be described by the spin-polarized TersoffHamann model [38] and written in the following form: (2) where the spin polarization of the tip is given by
, Θ is the angle between the tip and local sample magnetization at position r and n ↑ s (↓) is the spin up (spin down) charge density of the surface. The strength of the influence of the spin spiral on the simulated SP-STM images in a [−0.4 eV, E F ] energy region, can be seen in Fig. 11 for the example case of an adsorbed Bz molecule. The line profile is drawn at the same height above the surface as in Fig. 8 . Here, we have assumed that the angle between the tip magnetization and the row of Mn atoms at the centre of the unit cell is 90
• . At the left hand edge of the unit cell, the angle between the tip and sample increases to 111
• , while the right-most row of Mn atoms have an angle of 69
• between tip and surface. A tip polarization, P T , of 70% is assumed. Fig. 11 shows the difference between the charge density in the vacuum as determined by the spin polarized tip and that with a non-magnetic tip (or equivalently, by assuming a constant 90
• angle between the magnetization of the tip and sample across the whole unit cell), i.e., The line profile shown is drawn through the centre of the molecule along the [110] direction of propagation of the spin spiral. By construction, ∆ρ spiral is zero at the centre of the cell. It can be seen that the maximum asymmetry induced by the spin spiral across the molecule is ≈ 6%, from +3% above the edge of one side of the molecule to −3% above the other side. While our simple model captures the main effect of an asymmetric spinpolarized STM contrast it does not explicitly contain the non-collinear spin structure of the surface and therefore cannot take into account changes in the electronic struc-ture at the interface or induced by spin-orbit coupling. Nonetheless, the minor asymmetry induced by the spin spiral validates our use of the collinear approximation.
SUMMARY AND CONCLUSIONS
In this work, we have demonstrated that the spin polarization of a hybrid organic -inorganic interface can have a strong spatial dependence varying on the scale of the adsorbed molecule and with a magnitude and sign that change relative to that which would be measured on a clean surface. This effect occurs for magnetic surfaces with a spin structure which varies on the atomic scale such as the Mn monolayer on W(110) even for small organic molecules such as Bz, COT or BzV. Despite the negligible magnetic moment induced on the adsorbents, the spin polarization in the vacuum was found to be on the order of 10% with different regions of the molecule capable of sustaining different signs of spin polarization. This effect is shown to be driven by the hybridization of molecular orbitals with the spin split orbitals of the surface. For the clean surface, it is states with s-like symmetry that dominate in the vacuum despite their low density due to the fast decay of states with d character. The adsorption of an organic molecule disrupts this decay. The hybridization of the p states of the molecule with the d states of the metal is shown to result in the extension of the d-states spin character, whether spin up or spin down, into the vacuum.
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